Why do two sexes of the same species differ in body size holds a long-standing question of evolutionary biology.
Sexual size dimorphism (SSD) is widespread in the animal kingdom, and ever since Darwin (1871) , this phenomenon has long interested evolutionary biologists. The direction and degree of SSD differ according to taxa (Fairbairn, 1997) . Sexual selection favoring larger males to take a mating advantage and fecundity selection for larger females to increase reproductive capacity have been considered as the two major drivers of the evolution and maintain of SSD (Andersson, 1994) . SSD can yet be understood from a perspective of ontogeny, because sex difference in adult size is a consequence of growth divergence between the sexes. Studying ontogenetic mechanisms underlying SSD is can provide insight into its evolution (Shine, 1988 (Shine, , 1990 Blanckenhorn, 2000; Badyaev, 2002) . This is because 1) various proximate regulators of body size (physiological, ecological, behavioral and genetic) may operate through ontogeny in a sex-specific way to generate SSD Cox et al., 2009; Stillwell et al., 2010) , 2) growth strategies, as suggested by life history theory (Roff, 2002) , may reflect a sex-specific allocation of energy between growth and reproduction, and 3) while SSD evolves under sexual and fecundity selection, enhanced reproductive investment promoted by the two selective forces may incur growth costs to corresponding male and female individuals (Andersson, 1994) .
Here we investigate SSD ontogeny for salamanders and newts (Amphibia: Urodela) using comparative approaches, a powerful method to establish generality of evolutionary phenomena (Blanckenhorn, 2005) . So far only a few reports in this regard have been published for several ectothermic taxa (arthropods: Blanckenhorn et al., 2007; Esperk et al., 2007; anurans: Monnet and Cherry, 2002; lizards: Stamps and Krishnan, 1997) . No such study has been carried out for urodeles (Kupfer, 2007) , but many authors have dealt with SSD ontogeny for individual species (Hasumi, 2011) . It is possible to do so because we can take advantage of increased availability of demographic data produced by skeletochronology, the best method to age amphibians via counting lines of arrested bone growth on histological sections (Halliday and Verrell, 1988) . A previous comparative work revealed a positive relationship between SSD and sex-difference in adult age for 30 anuran species (Monnet and Cherry, 2002) , an amphibian lineage in which up to 90% of the species exhibit a female-biased SSD (Shine, 1979) . Performing such an analysis is worthwhile for urodeles, because their greater variability in SSD direction (approximately 60% of the species exhibit a female-biased SSD; Shine, 1979) and multiple origins of male-biased SSD (Halliday and Verrell, 1986; Kupfer, 2007) will provide a good opportunity to explore SSD ontogeny in association with sex-specific life history schedules.
One sex may attain larger body sizes than the other if it grows for a longer time, or at a faster rate (Blanckenhorn et al., 2007; Liao and Lu, 2012) , when assuming no sex difference in propagule size, as is the case with most animals (Stamps, 1993) . A rigorous analysis of the ontogenetic determination of SSD needs to show whether variation in SSD is correlated to varying levels of growth duration and growth rate. Age at maturity, as a critical life history switch of organisms, is the major determinant of growth trajectory, especially for animals with indeterminate growth (Roff, 2002) . Sexual bimaturation is common in ectothermic organisms including urodele species (Duellman and Trueb, 1994; Bruce, 2000) , and its influence on SSD has been documented (Stamps and Krishnan, 1997; Kupfer, 2007) . Therefore, we assess the correlation of sexual bimaturation with SSD, and with adult mean age, a measure of growth duration.
Materials and Methods
Data on mean snout-vent length (SVL), skeletochronological age of adult urodeles, age at first reproduction and the growth rate parameter k of von Bertalanffy's (1957) asymptotic growth model (the rate at which the asymptotic size is approached) were extracted according to sex from published reports all over the world. In a few cases where only total body lengths of animals were available, we obtained SVL according to the speciesspecific relationship between total length and tail length. The statistical values of age at maturity were available only for a few studies. If this parameter was provided as a range, we took the average of the range; if it was not specified, we used the minimum value of adult age. If data of the same population were provided for more than one study year, we averaged the values over the years; if more than one publication had data for a single species, the parameters from multiple populations are averaged to produce a species-level value. When calculating these mean values, sample sizes were weighted. Our dataset covered 67 free-living populations of 33 urodele species (13 genera in 4 families) for which we obtained information on body size and age, but data on growth rate k were available for a few species (Table  S1) .
We quantified adult SSD as the ratio of female mean SVL against male mean SVL. Sex differences in age at maturity and adult mean age were measured as the ratios of the corresponding values of females against males. Monnet and Cherry (2002) correlated SSD with the average female age minus the average male age. Their methodology seemed to be unsuitable because the two parameters are inconsistent with each other (one is a ratio and the other a simple subtraction).
Pearson correlation analyses for species-based data were performed to assess the relationship between SSD and female/male mean age. We correlated female/male maturation age with female/male mean age to see whether the difference in longevity between the sexes depended on sexual bimaturation. To further support the statement, a Pearson correlation coefficient was calculated between maturation and adult mean age for each sex. Because of shared evolutionary history of closely related species, interspecific comparisons can be potentially compromised by non-independence of specie values, leading to high Type I error rates (Felsenstein, 1985) . To avoid this question, we also employed the phylogenetically independent contrast method to make statistical analyses mentioned above. The phylogenetic tree ( Fig. S1 ), including 31 species, was produced from a published phylogeny of amphibians by Pyron and Wiens (2011) . Contrasts were calculated with PDAP for Mesquite 2.5 (Maddison and Maddison, 2008) , setting equal branch lengths. There were no significant correlation between the absolute value of contrast and their standard deviations for all variables (r > 0.32, P > 0.075), suggesting that the basic assumption of independent contrasts was met (Felsenstein, 1985) . Pairs of contrasts were used to conduct least squares regressions, with regression lines forced to pass through the origin. We only made a pair comparison of the data on growth rate between the sexes because of small sample size. Prior to analysis, raw data were transformed into their natural logarithm to meet the assumptions required for linear regressions. Statistical analysis was carried out using SPSS for windows 16.0 software (SPSS Inc., Chicago, IL, USA). Significance is set as two-tailed. Data are presented as mean ± standard error.
Results
Females (65.7 ± 4.2 mm, 37.6−167.7) on average were larger than males (62.7 ± 3.8 mm, 32.1−148.8; Paired-samples test, t 32 = 3.75, P = 0.001) for all the 33 urodele species examined. Females also matured later and lived longer than males (age at maturity: female, 4.3 ± 0.3 yr, 1.0−9.5; male, 3.7 ± 0.3 yr, 1.0−7.5; t 32 = 3.80, P = 0.001; adult mean age: female, 7.1 ± 0.5 yr, 3.5− 13.5; male, 6.7 ± 0.4 yr, 3.2−12.7; t 32 = 2.49, P = 0.018). The von Bertalanffy growth parameter k did not differ significantly between the sexes for the 13 species where the data were available (female, 0.39 ± 0.09, 0.13−1.10; male, 0.40 ± 0.07, 0.14−1.00; t 12 = 1.44, P = 0.176).
There was a significant positive correlation between SSD and the sex difference in adult mean age (Pearson correlation, r = 0.45, n = 33, P = 0.009; Fig. 1A) . This is the case after controlling for phylogeny (r = 0.34, n = 30, P = 0.055; Fig. 1B ). For either sex, SVL was positively related with adult mean age across-species in both Pearson correlation (female: r = 0.41, n = 33, P = 0.017; male: r = 0.35, n = 33, P = 0.046) and independent contrast analyses (female: r = 0.55, n = 30, P = 0.001; male: r = 0.47, n = 30, P = 0.007). Sex difference in adult mean age tended to increase with the corresponding difference in age at maturity (raw data, r = 0.33, n = 33, P = 0.063; phylogenetic data, r = 0.38, n = 30, P = 0.031; Fig. 2A, B) . A within-sex increase in adult mean age with age at maturity was evident in both traditional non-phylogenetic (female: r = 0.80, n = 33, P < 0.001; male: r = 0.79, n = 33, P < 0.001) and phylogenetic analysis (female: r = 0.82, n = 30, P < 0.001; male: r = 0.78, n = 30, P < 0.001).
Discussion
In our urodele dataset, there were 26 species where the statistical tests for the sex difference in body size were conducted (setting α = 0.05). Of these, 65% had significantly larger females, and 12% were opposite to the pattern, whereas 23% expressed no dimorphism. The distribution of species with respect to SSD direction resembles the investigation based on 79 species (61%, 19% and 20%, respectively) by Shine (1979) . When setting the sex difference in SVL more than 10% as a criterion of evaluating the degree of SSD, the corresponding values are 24%, 3% and 73% for the 33 species studied here, which is comparable to reports for 38 species (29%, 13% and 58%) by Kupfer (2007) .
Evolutionary increases in biased degree of urodele SSD towards either females or males were a consequence of increased differences in adult age between the sexes, with one sex attaining larger body sizes if it lived longer than the other. A similar pattern has been demonstrated by a comparative analysis for anurans in which most species have a female-larger SSD (Monnet and Cherry, 2002) . Since annual growth rates did not differ between the sexes in the species studied, we may think that in urodele lineages, age might contribute positively and growth rate contribute no or negatively to the larger body sizes of any sex. Moreover, we found that longer longevities of either sex were associated with a delayed attainment of reproductive maturation, and the sexual bimaturation difference was correlated positively the corresponding difference in adult mean age. The relationship between sexual bimaturation and SSD in urodeles was also documented by Kupfer (2007) . These findings conform to life history theory, which predicts a trade-off of energy allocation between time to maturation and longevity, and between somatic growth and reproduction (Roff, 2002) .
Why either males or females in urodeles attain larger body size relative to the opposite sex via delaying maturation time and extending growth duration rather than via faster growth? Fecundity selection favoring larger females to benefit from increased reproductive output and sexual selection favoring larger males to improve mating success are considered to be two major mechanisms driving the evolution of SSD (Andersson, 1994) . In principle, the two selective forces should act simultaneously on body size of females and males within the same populations, and the expression of a female-or male-biased SSD would depend on their relative dominance, as suggested by the differential equilibrium model about the evolution of SSD (Blanckenhorn, 2005) . In urodeles, the roles of fecundity selection in favoring larger females may be reflected by across-species positive associations between reproductive output (clutch size, egg size and total clutch volume) and female size (Wells, 2007) ; the evidence of sexual selection for larger males comes from occurrence of male-male combat in relation to male-biased SSD (Shine, 1979) , and female choice for large males (Halliday and Verrell, 1986) . Increased reproductive investment in terms of high offspring production by females and strong agonistic encounters by males must incur energetic costs. As suggested by life history theory (Roff, 2002) and empirical evidence from many ecothermic organisms (Dmitriew, 2011) , the costs might constrain the growth potential of urodele females and males, with the expression of SSD in terms of direction and degree depending on relative dominance of the two selective forces.
There is a substantial variation in the direction and degree of SSD among animal taxa, being male-biased in most birds and mammals (Fairbairn, 1997) , and femalebiased in ectotherms, but including many exceptions within finer taxonomic groups. For example, the proportions of species with a female-biased SSD are 46% in Odonata and 72%−95% in several other insect orders (Stillwell et al., 2010) , 50% in caecilian (Kupfer, 2009 ), 90% in anurans (Shine, 1979) , 56% in snakes (Shine, 1994) , 63% in lizards (Cox et al., 2003) . Across taxa, the direction and degree of SSD may depend on sex differences in growth duration, growth rate, or a combination of both (Table 1) . Clarifying the diversity of ontogenetic mechanism behind SSD through integrating various proximate (ecological, physiological and genetic) and ultimate (fecundity and mating advantages) factors poses challenge for future researches on SSD. 
